A bdominal aortic aneurysm (AAA [MIM 100070]) is a common condition, particularly in men over the age of 65 years, with a reported prevalence of between 2% and 8%. 1 The demographic risk factor profile for AAA is well described and includes smoking, family history of AAA, older age, male sex, and concurrent atherosclerotic diseases, particularly coronary artery disease (CAD). [2] [3] [4] Though historically considered to be a consequence of atherosclerosis, AAA is now considered to be a distinct clinical entity, albeit one that shares many risk factors with occlusive atherosclerotic vascular disease. 2, 5 Periaortic inflammation is a key distinguishing feature of AAA, 6, 7 and several studies have suggested an association between circulating inflammatory cytokines and AAA. [8] [9] [10] [11] Nevertheless, to date only a relatively small number of circulating biomarkers have convincingly been implicated in AAA and none have been translated into AAA-specific clinical practice. This study aimed to determine infrarenal abdominal aortic tissue inflammatory cytokine profiles in both aneurysm patients and nonaneurysm controls. The resulting AAA tissue profile was then compared with the plasma profile from a large series of well-characterized AAA and ultrasound confirmed nonaneurysmal study participants. As such, this study represents the largest number of samples and simultaneously analyzed inflammatory cytokines published to date.
Materials and Methods

Tissue and Plasma Samples
Infrarenal aortic tissue was obtained from 14 AAA patients undergoing elective open repair at the Vascular Surgery Unit, Dunedin Hospital (Dunedin, New Zealand). These were compared with nonaneurysmal aortic tissues, obtained less than 24 hours postmortem, from 14 age-and sex-matched cadaveric controls (Table 1) . Plasma samples from 442 AAA patients and 970 AAA-free controls (Table 2) were recruited from the Otago region of New Zealand. AAA patients were either under active aneurysm surveillance or recruited before elective aneurysm surgical repair. All controls were recruited from the same community as part of a local AAA ultrasound screening program (inclusion criteria age greater than 60 years of age and both males and females). Those screened individuals with an infrarenal aorta greater than 25 mm in diameter were excluded from this control group.
Written informed consent was obtained from all participants or relevant next of kin (for material collected postmortem), and the study was undertaken with the approval of the regional ethics committee.
Tissue and Plasma Preparation
Anterior infrarenal aortic wall biopsies were collected as soon as possible from the operating theatre or postmortem room and immediately transferred into RNA-later solution. Immediately after collection, each (thrombus-free) specimen was divided into 2 equivalent pieces. The first half was divided into small (%50 mg) full-wall thickness pieces. The second half was carefully microdissected into discrete (%50 mg) adventitial and intima+medial layers specimens for separate processing. Tissue samples were immersed in RNA-later solution (Life Technologies, Carlsbad, CA) for 24 hours at 4°C and then stored at À80°C until processed.
Separate total wall, adventitia, and intima+medial specimens from each individual were thawed and washed in buffer before being homogenized (PT2100; Polytron; Kinetica AG, Lausanne, Switzerland) in ice-cold cell lysis buffer (10 lL/mg of tissue; Bio-Rad, Hercules, CA). The resulting homogenate was centrifuged at 2000 g for 20 minutes at 4°C. Lysate aliquots were stored at À80°C until assayed.
Case and control EDTA plasma samples were collected, centrifuged, separated into 500-lL aliquots, and stored at À80°C within 30 minutes. The average length of storage time before being assayed was 5.6 years, and despite a lack of significant differences between cases and controls (P=0.87), storage times were nevertheless included in the regression analysis to ensure that this was not a confounding factor.
Cytokine Assay
Tissues and plasma inflammatory cytokines levels were determined using the Bio-Plex Pro human cytokine 27-Plex Panel (Bio-Rad), according to the manufacturer's instructions. Data were analyzed using Bio-Plex Manager software (version 4.1; Bio-Rad).
High sensitivity C-reactive protein (hsCRP; Tina-quant high sensitivity assay; Roche Diagnostics, Indianapolis, IN) and nonfasting triglycerides and high-density lipoprotein (HDL; enzymatic-colorimetric method; Roche) levels were also measured for each plasma sample. (Table 3) in 6 AAA and 11 control aortic biopsies. Total RNA was extracted using Norgen Total RNA kits (Norgen Biotek Corporation, Thorold, Ontario, Canada), according to the manufacturers' instructions. RNA quantity and purity were assessed using a NanoDrop spectrophotometer (Implen GmbH, M€ unchen, Germany). Relative quantification of target gene probe intensities was calculated using the DCt (threshold cycle) method (GAPDH as the housekeeper gene).
Statistical Analysis
StatView software (version 5.01; SAS Institute Inc., Cary, NC) was used to perform statistical analysis. The distribution of continuous variables (kurtosis and skewness) was assessed and analyzed with either the Mann-Whitney U test or ANOVA with Fisher's protected least significant difference test. Multiple (step-wise) logistic regression was used to evaluate the interactions between cytokine biomarkers and confounding demographic variables. Network relationships between variables were examined using variable principal component analysis (Omics Explorer 3.1; Qlucore, Lund, Sweden) with log-transformed data and linking each marker with its 2 nearest neighbors in the network (Euclidean distance threshold, 65%). Spearman's rank correlations were used to assess plasma biomarker and aneurysm size correlations. Receiver operating characteristic (ROC) curves were constructed to determine the optimal binary cut-off value of each differentially expressed cytokine. This value was calculated using the maximum of the Youden index J=max [SEi+SPiÀ1], where SEi and SPi are the sensitivity and specificity over all possible threshold values.
Results were expressed as medians and interquartile ranges or meanAESD for normally distributed variables. P value significance thresholds were conservatively adjusted for multiple testing (Bonferroni correction) to determine statistically significant differentially expressed cytokines in AAA patients.
Results
Aortic Tissue Inflammatory Cytokine Profiles
Tissue inflammatory cytokine profiles were assessed in 14 AAA and 14 control total wall biopsies ( (Table 4 ). In 12 AAA and 12 control samples, matching isolated intima+media and adventitial specimens were available. When isolated intima+media layers (Table 5) were compared, a similar pattern was observed to that of total wall specimens, but with IL-6 also showing a suggestive association (increased in AAA). While generally matching both total wall and intima+media specimens, adventitial tissue appeared to show the greatest AAA versus control cytokine differences (Table 6 ). Four markers reached multiple testing significance between adventitial AAA and control specimens. Three cytokines (eotaxin, MIP-1b, and RANTES) were increased, whereas bFGF was decreased, in AAA adventitia.
Plasma Inflammatory Cytokine Profiles
In plasma samples, 15 of the 27 assayed cytokines were significantly (multiple testing threshold, P<0.0017) differentially expressed in AAA patients compared to AAA-free controls (Table 7 ). In addition, significant differences were also observed in plasma hsCRP, HDL, and the atherogenic index in plasma (AIP; log triglycerides Eotaxin, RANTES, and MIP-1b levels were as significantly different between AAA cases and controls in both tissue and plasma samples, although RANTES showed an inverse direction of effect in the two sample types.
Several cytokines that showed suggestive (P<0.05, P>0.002) tissue differences (IL-6, MIP-1a, IL-12p70, and IL- Aortic wall tissue biomarkers were assessed in total wall biopsies, as well as microdissected (Table 5 ) intima and media and (Table 6 ) adventitia. AAA indicates abdominal aortic aneurysm; bFGF, basic fibroblast growth factor; CCL, chemokine (C-C motif) ligand; CXCL, chemokine (C-X-C motif) ligand; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte macrophage colony-stimulating factor; IFN-c, interferon-gamma; IL, interleukin; IP-10, interferon-gamma-induced protein 10; MCP-1, monocyte chemoattractant protein 1; MIP, macrophage inflammatory protein; PDGFb, platelet-derived growth factor beta; RANTES, regulated on activation, normal T-cell expressed and secreted; TNF-a, tumor necrosis factor alpha; VEGF, vascular endothelial growth factor. *In the total aortic wall samples, only bFGF and RANTES were significantly different after correction for multiple testing.
10) were also significantly (P<0.0017) different in plasma (although IL-12p70 and IL-10 showed inverse directions of effect in tissue and plasma). The plasma markers of strongest effect (P<5910 À6 ), including hsCRP and HDL, were taken forward for logistic regression analysis. The optimal binary cut-off value for each marker was used to calculate odds ratios (ORs) for plasma marker associations with AAA (Table 8 ). All 13 markers had significant associations as unadjusted variables (Table 9) ; however, when adjusted for concurrent risk factors, the IL-6, IL-10, and MIP-1b associations became nonsignificant. When the model also included those cytokines that were significantly differentially expressed in both A combined AAA-associated inflammation marker risk score was calculated by assigning 1 point for each of the following: RANTES <14 500 pg/mL, eotaxin >125 pg/mL, and hsCRP >2.5 mg/L, thereby scoring each individual between 0 and 3 ( Table 10 ). The ROC curves for these three markers are shown in Figure 1 . In all, 65.0% of AAA patients had a score greater than or equal to 2 compared to 25.9% of controls, with a resulting (adjusted) AAA OR of 4.8. Examination of the control cohort Microdissected intima and media aortic wall tissue biomarkers. AAA indicates abdominal aortic aneurysm; bFGF, basic fibroblast growth factor; CCL, chemokine (C-C motif) ligand; CXCL, chemokine (C-X-C motif) ligand; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte macrophage colony-stimulating factor; IFN-c, interferon-gamma; IL, interleukin; IP-10, interferon-gamma-induced protein 10; MCP-1, monocyte chemoattractant protein 1; MIP, macrophage inflammatory protein; PDGFb, platelet-derived growth factor beta; RANTES, regulated on activation, normal T-cell expressed and secreted; TNF-a, tumor necrosis factor alpha; VEGF, vascular endothelial growth factor. *As observed in the total wall samples, only bFGF and RANTES were significantly different after correction for multiple testing.
suggested that several conventional cardiovascular risk factors, including age, sex, smoking, hypertension, and past history of heart disease, were potential confounders of the plasma levels of the putative AAA-associated cytokines (Table 11 ). Of note, the AAA-associated inflammation marker risk score remained significant when these potentially confounding interactions were also included in the risk model. In order to determine relatedness between markers, and how this might influence the adjusted logistic regression model, variable principal component analysis (vPCA) was performed. The vPCA indicated that eotaxin, RANTES, MIP1b, hsCRP, and HDL were more-remote members of the correlation network (Figure 2A ). In contrast, markers such as IL-6, tumor necrosis factor alpha (TNF-a), IL-10, IL-8, IL-4, IL-5, MIP-1a, and IL-1RA were central members of the network, with a higher degree of corelatedness ( Figure 2B) . Correlations between the three inflammatory cytokines differentially expressed in both tissue and plasma suggested a modest degree of correlation between MIP-1b and both eotaxin and RANTES (q=0. 35 Microdissected adventitia aortic wall tissue biomarkers. The greatest case/control differences were observed in this layer of the wall, in which eotaxin, MIP-1b, and RANTES were significantly elevated, and bFGF was significantly decreased, in AAA. AAA indicates abdominal aortic aneurysm; bFGF, basic fibroblast growth factor; CCL, chemokine (C-C motif) ligand; CXCL, chemokine (C-X-C motif) ligand; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte macrophage colony-stimulating factor; IFN-c, interferon-gamma; IL, interleukin; IP-10, interferon-gamma-induced protein 10; MCP-1, monocyte chemoattractant protein 1; MIP, macrophage inflammatory protein; PDGFb, platelet-derived growth factor beta; RANTES, regulated on activation, normal T-cell expressed and secreted; TNF-a, tumor necrosis factor alpha; VEGF, vascular endothelial growth factor. *Markers below the multiple testing threshold (P<0.0019).
RANTES has been previously described in 300 individuals, 12 this was not observed in this current investigation (q=À0.02, P=0.56). Only modest correlations were observed between hsCRP and both eotaxin and MIP-1b (q=0. AAA indicates abdominal aortic aneurysm; AIP, atherogenic index of plasma; bFGF, basic fibroblast growth factor; CCL, chemokine (C-C motif) ligand; CXCL, chemokine (C-X-C motif) ligand; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte macrophage colony-stimulating factor; HDL, high-density lipoprotein; hsCRP, high sensitivity C-reactive protein; IFN-c, interferon-gamma; IL, interleukin; IP-10, interferon-gamma-induced protein 10; MCP-1, monocyte chemoattractant protein 1; MIP, macrophage inflammatory protein; PDGFb, plateletderived growth factor beta; RANTES, regulated on activation, normal T-cell expressed and secreted; TNF-a, tumor necrosis factor alpha; Trig, troglycerides; VEGF, vascular endothelial growth factor. *Markers below the multiple testing threshold (P<0.0017).
weaker effect and (suggestive) significance were observed for IL-8 (q=À0.15, P=0.0026) and eotaxin/CCL11 (q=À0.09 P=0.0574). RANTES was not associated with AAA size (q=0.02, P=0.7316).
mRNA Expression of AAA-Associated Inflammatory Cytokines in Aortic Wall Tissue
To determine whether the differentially expressed inflammatory proteins detected in aortic tissue were produced with the aortic wall, mRNA was extracted from 6 AAA and 11 control aortic wall tissue homogenates. Transcripts for eotaxin 1/CCL11, RANTES/CCL5, and MIP1b/CCL4 were detected in all AAA aortic wall tissue, confirming localized expression of these cytokines. Eotaxin 2/CCL24, eotaxin 3/CCL26, and both of the MIP-1b/CCL4 probes had very low or no levels of expression in control tissue. In contrast, eotaxin 1/CCL11 and RANTES/CCL5 had detectable signal in all control samples (Table 3) . GAPDH had slightly stronger expression in controls than cases (Ct values 23.2AE0.6 and 24.5AE1.1, respectively; P=0.02). Both RANTES/CCL5 and MIP-1b/CCL4 had significantly greater mRNA transcript levels in AAA compared with control aortic wall tissue (Figure 3 ).
Discussion
Several inflammation-associated proteins have previously been implicated in the pathogenesis of AAA, including hsCRP, HDL-cholesterol, and IL-6. [8] [9] [10] [13] [14] [15] Perhaps the most comprehensive study examining the relationship between inflammatory cytokines and AAA to date was performed by Middleton et al., who examined 42 cytokines in 10 AAA and 9 control infrarenal aortic biopsies. 16 Notably, they observed increased AAA expression of IL-1b, IL-6, granulocyte colonystimulating factor (G-CSF), monocyte chemoattractant protein 1 (MCP-1), and RANTES, which was, at least partially, consistent with our current aortic wall (or sublayer) tissue observations. In this current study, we significantly advanced the investigation of inflammation-associated biomarkers in AAA by including a comparison between tissue and plasma inflammatory cytokine profiles. A particular strength of the circulating marker analysis was its ability to model for confounding interactions between a large number of inflammatory cytokines and other demographic and clinical confounders. In so doing, we identified elevated plasma eotaxin and decreased plasma RANTES, as independent risk markers in AAA. In addition, hsCRP and HDL were also validated as circulating biomarkers for AAA, with hsCRP also having a modest correlation with aneurysm size.
When the plasma markers were analyzed by vPCA, eotaxin, RANTES, hsCRP, and HDL were more-remote members of the network, which may, in part, explain why these markers remained significant in the adjusted regression models. Inflammation has long been broadly implicated in atherosclerosis 17 and with cardiovascular disease risk factors, such as smoking. 18 In the search for diseasespecific biomarkers, it is important that candidate circulating cytokines are not significantly confounded by concurrent disease or "conventional" risk factors. These issues were exemplified by IL-6, which, while replicating previous univariate associations with AAA, lost its significance in the multivariate logistic regression models that included concurrent heart disease, smoking, and other AAA-associated inflammatory cytokines. Whereas we were able to replicate previous reports suggesting a strong association between plasma CRP and AAA, its broad association with other inflammatory disorders, as well as cardiovascular risk factors, such as hypertension, and concurrent atherosclerotic disease, 19 may limit this protein's utility as an AAAspecific biomarker.
Probably the most interesting associations observed in this study were those with eotaxin and RANTES, which showed differential expression in both aortic tissue and plasma. RANTES, is a CC chemokine family T-cell mitogen that has Area under the (non-parametric) receiver operating characteristic (ROC) curves (AUC). AUC and the optimal binary cutoff for each significant (unadjusted) plasma biomarker along with smoking pack-years for comparison. CCL indicates chemokine (C-C motif) ligand; CXCL, chemokine (C-X-C motif) ligand; HDL, high-density lipoprotein; hsCRP, high sensitivity C-reactive protein; IL, interleukin; IP-10, interferon-gamma-induced protein 10; MIP, macrophage inflammatory protein; RANTES, regulated on activation, normal T-cell expressed and secreted.
been implicated in the release of proinflammatory cytokines. 20, 21 The release of RANTES from CD8 T cells has been associated with a wide range of tissue-inflammatory reactions, including allergic reactions, cancers, and gastritis. 22 Notably, RANTES can be released by multiple cell types relevant to AAA, including not only T cells, but also smooth muscle and platelets and has been shown to be associated with CAD risk. 12 In addition, pharmacological inhibition of platelet degranulation reduced the inflammatory cytokine burden (including RANTES) in intramural thrombi and was associated with reduced rupture rates in AAA patients. 23 Consistent with our current study, levels of RANTES mRNA 24 The combined AAA inflammation marker risk score assigned 1 point for each of the following: hsCRP >2.5 mg/L, RANTES <14 500 pg/mL, and eotaxin >125 pg/mL (scoring each individual between 0 and 3). AAA-associated inflammation risk scores were significantly higher in the AAA group (v 2 , P<0.0001). Using an AAA inflammation score of 1 (the most common score among controls) as the reference value, logistic regression suggested a protective association for those with a 0 score and a staged positive risk association with higher (2 or 3) scores. AAA indicates abdominal aortic aneurysm; hsCRP, high sensitivity C-reactive protein; OR, odds ratio; RANTES, regulated on activation, normal T-cell expressed and secreted. *Adjusted for age, sex, history of ischemic heart disease, smoking (pack-years), and sample storage time. † P<0.0001; ‡ P<0.0005. regarding this relationship. It is also worth noting that, because RANTES is released from platelets during blood clotting, serum measures should be viewed cautiously and direct plasma/serum comparisons avoided altogether. Nevertheless, in our plasma analysis, we observed a strong association between elevated RANTES and a history of ischemic heart disease (IHD) in our nonaneurysmal control group (Table 11 ). This association was strikingly absent within the AAA group, the reasons for which are unclear; however, we postulate that this may be attributed to the aforementioned relationship between RANTES and platelets. AAA has been previously linked to reduced circulating platelet counts 26 and increased platelet activation, 27 both of which may, in part, explain increased localized (AAA wall) and decreased circulating levels of platelet-associated factors such as RANTES. Eotaxin-1 (or CCL11), another member of the CC chemokine family, is known to be a key mediator in asthma. 28 Eotaxin was included in our analysis solely on the basis that it formed part of a broad (relatively unbiased) cytokine multiplex panel, and we had no a priori suggestion of a link with AAA. Intriguingly, however, acute asthma has recently been linked to AAA susceptibility and rupture, 29 an observation that appears to indirectly validate our observed eotaxin-AAA association.
The antibody used in protein bioplex array could not distinguish between eotaxin -1, -2, and -3; however, our mRNA studies suggested that eotaxin 1/CCL11 was the dominantly expressed variant. Haley et al. 30 demonstrated that eotaxin expression could be induced in cultured aortic smooth muscle cells by treatment with TNF-a, and there have been conflicting reports regarding a possible association with atherosclerosis. 31, 32 More-recent studies have also suggested an association with cardiovascular risk factors and the soluble form of the receptor for advanced glycation endproducts. 33 B cells form a significant (%40%) proportion of the adventitial lymphocyte population in AAA, 15, 34 but are rare within the adventitia of aortic occlusive and normal aortae. 35 B cells, from patients with inflammatory bowel disease, have been shown to release eotaxin-1, in a disease-associated fashion, a process that has been suggested as a mediating factor in immune cell activation. 36 Whether eotaxin acts in a similar fashion in AAA is unclear; however, the elevated levels of eotaxin observed within AAA adventitial tissue certainly warrant further investigation.
In conclusion, contrary to some previous reports suggesting a distinct T helper 2-associated inflammatory (IL-4, -5, Figure 1 . Receiver operating characteristic (ROC) curves for hsCRP, eotaxin, and RANTES. ROC curves were constructed to determine the optimal binary cut-off value of each differentially expressed cytokine. Cytokines were compared case/controls status (group) as the gold standard. CCL5 indicates chemokine (C-C motif) ligand 5; hsCRP, high sensitivity C-reactive protein; RANTES, regulated on activation, normal T-cell expressed and secreted.
and -10) profile in AAA, 37 this current study is more consistent with those studies that have suggested a more-generalized pattern of inflammation. 14 Whereas the plasma inflammatory cytokine profile of AAA patients contained numerous cytokines with differential expression compared to nonaneurysmal controls, 3 markers (eotaxin, hsCRP, and RANTES) were notable as potentially useful AAA biomarkers. The potential confounding interactions between the lead circulating inflammatory cytokines (RANTES, eotaxin, MIP1b, hsCRP, and HDL) was investigated in the control cohort (to exclude case-control interactions). AAA indicates abdominal aortic aneurysm; AIP, atherogenic index in plasma; HDL, high-density lipoprotein; hsCRP, high sensitivity C-reactive protein; IHD, ischemic heart disease; MIP, macrophage inflammatory protein; RANTES, regulated on activation, normal T-cell expressed and secreted. 
